INTRODUCTION
Canonical Wnt signaling regulates many aspects of embryonic development, and deregulation of the major effector protein b-catenin is associated with many diseases including cancer (Clevers and Nusse, 2012) . Stage-specific activation and inhibition of Wnt signaling is critical for specification of cardiac progenitor fate during embryonic development (Naito et al., 2006; Ueno et al., 2007) . Wnt signaling is negatively regulated at multiple levels, including extracellular ligand sequestration (Dkk, Sfrps, Cer, etc.) , nuclear antagonists (Groucho, CtBP, NLK, etc.) , and an intracellular ''destruction complex'' that targets the degradation of b-catenin, dependent on glycogen synthase kinase (GSK)-3b, Axin, and adenomatous polyposis coli (APC) (Clevers and Nusse, 2012; MacDonald et al., 2009; Nusse and Clevers, 2017) . The destruction complex is recruited to the activated Wnt receptor complex (the Wnt signalosome) including LRP5/6 and Frizzled, followed by accumulation of cytosolic b-catenin that is able to traffic to the nucleus and stimulate transcription of target genes. Several models have been proposed regarding what happens next to the destruction complex. One study indicated that the destruction complex is removed from the receptor complex and can be recycled (Kim et al., 2013) . Other studies demonstrated that the destruction complex becomes internalized into intraluminal vesicles (ILVs), which are subsequently sequestered into a multivesicular body (MVB) (Dobrowolski et al., 2012; Taelman et al., 2010; Vinyoles et al., 2014) . Following Wnt signalosome internalization, the destruction complex becomes ''locked down'' in the MVB. This mechanism is thought to maintain a restricted low level of Wnt signaling after an initial acute inhibition of Wnt signaling by recruitment of the destruction complex to the membrane. The fate of proteins sequestered in the MVB is thought to be degradation, because the MVB eventually fuses with the lysosome (Dobrowolski et al., 2012; Metcalfe and Bienz, 2011; Piper and Katzmann, 2007) .
The role of endocytosis in Wnt signaling has also been studied extensively. Internalization of LRP6 is important both for Wnt-mediated activation and Dkk-mediated inhibition of Wnt signaling, although the two processes use different endocytic routes, mediated by caveolin or clathrin, respectively (Yamamoto et al., 2006 (Yamamoto et al., , 2008 . Caveolin is required for signalosome internalization upon Wnt ligand stimulation (Vinyoles et al., 2014) . Inhibiting endocytosis blocks Wnt signaling activated by inhibition of GSK3 (Gagliardi et al., 2014; Saito-Diaz et al., 2018) . The relationship and coordination between activation of Wnt signaling by sequestering the destruction complex to the membrane and subsequent activation of Wnt signaling by internalization of the destruction complex to the MVB is complex, and understanding regarding how this is regulated is limited.
TMEM88 is a putative transmembrane protein containing at the C terminus a tripeptide VWV sequence that can function to bind PDZ domains, including the PDZ domain in the positive regulatory protein of Wnt signaling, Dishevelled (DVL) (Lee et al., 2010) . We showed previously that zebrafish Tmem88a functions downstream of the transcription factors Gata5/6 as an inhibitor of Wnt signaling during cardiac progenitor specification (Novikov and Evans, 2013) . The loss of Tmem88a activity could be rescued by timed induction of Dkk1 expression, clearly supporting a normal function for Tmem88a in the suppression of Wnt activity (Novikov and Evans, 2013) . TMEM88 was likewise identified as a Wnt regulator during in vitro human cardiomyocyte differentiation (Palpant et al., 2013) . Several overexpression in vitro studies with cancer cells suggested an association between TMEM88 and DVL based on immunoprecipitation data, which led to the suggestion that TMEM88 might block Wnt signaling by physical sequestration of DVL (Ge et al., 2018; Lee et al., 2010; Zhang et al., 2015) . However, this model has not been tested with respect to cardiogenesis.
Here, we confirmed using knockout (KO) human embryonic stem cells (hESCs) that human TMEM88 regulates cardiomyocyte specification, associated with suppression of Wnt signaling. Surprisingly, we found that TMEM88 is not dependent on DVL for this function. Using pathway inhibitors, we map the function of TMEM88 downstream of the destruction complex and upstream of b-catenin. Re-localization of the Wnt signalosome into the MVB was previously linked to activation of Wnt signaling (Ploper et al., 2015; Vinyoles et al., 2014) . We found that expression of TMEM88 promotes sequestration of the Wnt signalosome including LRP6 and b-catenin to the MVB, as a previously unrecognized regulatory mechanism for repression of Wnt signaling.
RESULTS

TMEM88 Knockout Cells Are Inefficient in Cardiomyocyte Differentiation
Previous studies in zebrafish embryos and hESCs showed that TMEM88 is expressed during the cardiac progenitor specification stage and that knockdown causes defects in cardiomyocyte development (Novikov and Evans, 2013; Palpant et al., 2013) . To rigorously investigate the role of TMEM88 during cardiomyocyte development, we used CRISPR/Cas9 to target TMEM88 in hESCs to generate putative null alleles. Genomic sequencing confirmed the presence of compound heterozygous frameshift deletions of 5 and 7 bp within the first exon of the TMEM88 locus, predicted to generate early stop codons in both alleles of the mutant clone ( Figure 1A ). Using a standard directed differentiation assay ( Figure 1B ), TMEM88 protein was readily detected in lysates from wild-type cells as two isoforms at day 5 of differentiation, but was absent in lysates derived from the KO line ( Figure 1C ). The two isoforms of TMEM88 have been reported in various cell lines ; the smaller has a distinct C terminus lacking the PDZ-binding domain. Regardless, the western blot data confirmed the absence of both isoforms in cells derived from the mutant clone, demonstrating null alleles. Using directed differentiation to probe the impact of the TMEM88 mutation on cardiogenesis is complicated by the fact that the protocols for generating cardiomyocytes use exogenously added Wnt inhibitors, which might compensate for the loss of TMEM88. However, using conditions of limited Wnt repression, with addition of the small molecule Wnt inhibitor XAV939 for only 24 h from day 3 to 4 of differentiation, the generation of cardiac troponin T-positive cardiomyocytes was significantly compromised in TMEM88 KO cells ( Figure 1D ). Extending the duration of culture with XAV939 to day 5 largely rescued this defect, which confirms that the loss of TMEM88 can be compensated by a Wnt inhibitor ( Figure 1D ). Expression of mesoderm markers such as Brachyury, MIXL1, and EOMES was not impacted in TMEM88 KO cells using XAV939 treatment from day 3 to 4 of differentiation, indicating that cardiogenesis in TMEM88 KO is compromised at the later cardiac progenitor specification stage ( Figure 1E ).
TMEM88 Is Associated with the Plasma Membrane, Golgi, and Multivesicular Bodies
Immunofluorescence assays confirmed that TMEM88 is expressed in hESC-derived cardiomyocyte progenitor cells marked by co-expression with the transcription factor NKX2.5 (Figure 2A ), consistent with previous reports (Novikov and Evans, 2013; Palpant et al., 2013) . NKX2.5 is exclusively nuclear, whereas TMEM88 could be detected at several distinct cellular locations (Figure 2A ). TMEM88 staining specific to wildtype cardiac progenitors included the plasma membrane and a perinuclear region resembling the Golgi complex ( Figure 2A ). The Golgi localization was confirmed by co-staining for the Golgi marker Giantin, which showed a clear overlap with TMEM88 ( Figure S1A ). In some cells, only the Golgi staining was observed, suggesting that TMEM88 traffics from the Golgi to the plasma membrane. In addition to expression in the Golgi, we routinely found TMEM88 in the perinuclear regions that do not co-localize with Giantin ( Figure S1A , white arrow), consistent with perinuclear MVBs. Immunoelectron microscopy coupled with gold-conjugated anti-TMEM88 antibody was used to more rigorously investigate the localization of TMEM88 in cardiac progenitors. TMEM88 was detected in MVB membranes ( Figure 2B ), as well as MVB vesicles and both Golgi and plasma membranes in day 7 cardiac progenitor cells (Figures 2B and S1B, black arrows). Perinuclear EEA1 is an established marker for MVB, best visualized when cells are permeabilized with digitonin before fixation, to remove cytosolic EEA1 (Vinyoles et al., 2014) . Perinuclear digitonin-resistant EEA1+ structures are therefore used as a proxy for MVB (Vinyoles et al., 2014) . Indeed, TMEM88 is present in EEA1+ digitonin-resistant bodies ( Figure 2C ). Western blot experiments confirmed that TMEM88 is highly enriched in a digitonin-resistant lysate compared with soluble fractions, co-segregating with the membrane marker NaK-ATPase ( Figure 2D ). In summary, TMEM88 is expressed in cardiac progenitor cells and found in the Golgi, plasma membrane, endocytic vesicles and MVB.
To monitor TMEM88 trafficking, we generated an N-terminal fusion of human TMEM88 with GFP (GFP-TMEM88) and evaluated the subcellular localization when expressed in cultured human embryonic kidney (C) Immunofluorescence of TMEM88 and an endosome marker, EEA1, in H1 ESC-derived day 7 differentiating cardiac progenitors. Cells were permeabilized with RB buffer supplemented with digitonin (25 mg/mL), fixed, and analyzed by immunofluorescence with the indicated antibody (Vinyoles et al., 2014) . (D) Western blots of digitonin-soluble fraction (DSF) and digitonin-resistant fraction (DRF) of day 5 ESC-derived differentiating cardiac progenitor cells using the CHIR99021/IWP2 protocol described in Methods. Membrane marker Na/K ATPase was used as a loading control for the DRF.
(HEK) 293T cells that lack endogenous TMEM88. GFP-TMEM88 was found associated with the plasma membrane ( Figure 3A) . Presence at the cell surface was confirmed by live imaging using total internal reflection fluorescence microscopy, demonstrating membrane-associated puncta with dynamic movements and internalization ( Figure 3B and Video S1). Transfected cells subsequently treated with digitonin and co-stained with the MVB marker EEA1 showed the presence of GFP-TMEM88 or the non-tagged TMEM88 in digitonin-resistant EEA1+ MVB ( Figure 3C , white arrows). GFP-TMEM88 and non-tagged TMEM88 were also found in the Golgi, suggesting that TMEM88 protein is being trafficked ( Figure S2A ). As in the cardiac progenitors, often the perinuclear GFP-TMEM88 did not co-stain with Giantin in 293T cells ( Figure S2B , white arrow). Thus, TMEM88 expressed in 293T cells has cellular localizations consistent with endogenous TMEM88 in cardiomyocyte progenitor cells.
The TMEM88 PDZ-Binding Motif Is Required for Trafficking to the Plasma Membrane
Previous studies showed that the VWV motif present at the carboxyl terminus of TMEM88 can bind to the PDZ domain of DVL, a positive regulator of Wnt signaling (Lee et al., 2010; Yu et al., 2015; Zhang et al., 2015) , suggesting sequestration of DVL as a possible mechanism for Wnt signaling inhibition. To determine whether the PDZ-binding motif impacts the function of TMEM88, it was deleted from the fusion protein by replacing the sequences encoding the last three amino acids (VWV) with a translation stop codon (GFP-TMEM88DC). This mutant protein failed to localize to the plasma membrane or endosomal compartments, and instead was found exclusively in the endoplasmic reticulum (ER), co-localized with the ER dye, ERtracker Red BODIPY TR ( Figure 3D ). This result suggests that a key function for the PDZ-binding motif is for interaction with Golgi-associated proteins containing a PDZ domain for trafficking to the plasma membrane (Romero et al., 2011) . 
TMEM88 Inhibits Wnt Signaling by Acting Downstream of the Destruction Complex and Upstream of Nuclear b-Catenin
To map where TMEM88 functions in the Wnt signaling pathway, a plasmid expressing GFP-TMEM88 was co-transfected in 293T cells with the Wnt-dependent T-cell factor reporter plasmid (TOP)-flash reporter (Veeman et al., 2003) and the Wnt pathway was activated at different levels. GFP-TMEM88 inhibited expression of Wnt3a-induced luciferase from the TOP-flash reporter, whereas the PDZ-binding mutant GFP-TMEM88DC failed to block reporter activity, even trending toward further activation ( Figure 4A ). As the mutant is blocked in the ER, this indicates that TMEM88 functions after trafficking to the membrane. To determine directly if TMEM88 functions by disabling DVL, the reporter assays were carried out in 293T cells that lack all DVL activity, carrying null mutations in each of the three DVL paralogs (Gammons et al., 2016; Jiang et al., 2015) . This DVL triple knockout (TKO) cell line does not respond to Wnt ligands; however, blocking GSK3 with CHIR99021 (CHIR) can still activate Wnt signaling . Strikingly, GFP-TMEM88 (but not GFP-TMEM88DC) fully inhibits TOP-flash activity induced by CHIR in DVL TKO cells (Figure 4B) , indicating that DVL is dispensable for the repressive function of TMEM88. We also confirmed that GFP-TMEM88 (but not the mutant) also inhibits Wnt signaling activated by CHIR in wild-type 293T cells ( Figure 4C ). However, GFP-TMEM88 failed to inhibit TOP-flash reporter activity in the HCT116 cell line, which expresses a mutant form of b-catenin that is resistant to interaction with the destruction complex (Ilyas et al., 1997; Li et al., 2012; Saito-Diaz et al., 2018) and therefore fails to be degraded, accumulates in the nucleus, and activates the reporter even in the absence of Wnt induction ( Figure 4D ). We note that for these luciferase reporter experiments, we used 3 mM CHIR to inhibit GSK-3b, which is a relatively high concentration that might activate other kinases. However, titration experiments confirmed that 3 mM is necessary and sufficient for robust activation of the b-catenin-dependent TOP-flash reporter (Figure S3) and CHIR in the 3-6 mM range has been widely used in published cell-based Wnt reporter luciferase assays (Davidson et al., 2012; Kumar et al., 2016; Li et al., 2018) . Taken together, these results show that GFP-TMEM88 must be trafficked out of the ER, but inhibits Wnt/b-catenin signaling downstream of the b-catenin destruction complex and upstream of activated b-catenin.
The retention of TMEM88DC in the ER complicates analysis of whether TMEM88 normally functions at the plasma membrane. Therefore, we tagged the mutant protein with a membrane-bound form of GFP containing the palmitoylation signal MGSVSS from GAP-43 (Matsuda and Cepko, 2007; Okada et al., 1999) and evaluated if this could rescue function (mTMEM88DC). The tag was successful at moving TMEM88DC out of the ER and to the plasma membrane ( Figure 5A ). However, membrane localization of mGFP-TMEM88DC did not confer on the protein the ability to inhibit CHIR-activated reporter activity. Furthermore, the analogous membrane-localized wild-type version of GFP-TMEM88 (mGFP-TMEM88) lost the ability to block CHIR-activated reporter activity ( Figure 5B ). Therefore, although it may be important for TMEM88 to be trafficked to the membrane, the data are consistent with function not at the plasma membrane level, but following endocytic release from the membrane, for example, during Wnt signalosome trafficking.
TMEM88 Inhibits Signaling Activated by Wnt Signalosome Internalization
It is well established that endocytosis is required for the activation of Wnt signaling (Blitzer and Nusse, 2006; Brunt and Scholpp, 2018; Gagliardi et al., 2008) . However, the relationship between endocytosis of the Wnt signalosome and function of the cytoplasmic b-catenin destruction complex is not entirely clear. One study (Gagliardi et al., 2014) showed that endocytosis inhibitors prevent Wnt signaling activated by blocking GSK-3b. Furthermore, CHIR has no effect on cytoplasmic b-catenin levels when endocytosis is inhibited by a temperature shift to 4 C (Saito-Diaz et al., 2018) . These studies place the functional role of endocytosis for Wnt signaling downstream of the b-catenin destruction complex. Given that our results also place TMEM88 downstream of the b-catenin destruction complex, we tested whether TMEM88 regulates endocytic trafficking of the Wnt signalosome.
Following Wnt ligand activation, the internalized Wnt signalosome, composed of the Wnt receptor complex and the destruction complex, can be found in cytoplasmic vesicles (Bilic et al., 2007) and is sequestered into digitonin-resistant EEA1+ bodies (MVB) (Vinyoles et al., 2014) . Wnt ligand activation can be modeled by expression of a constitutively active isoform of the co-receptor LRP6 that lacks the extracellular domain (CA-LRP6) (Bilic et al., 2007; Tamai et al., 2004; Vinyoles et al., 2014) . We confirmed that CA-LRP6-GFP fusion protein is internalized in a ligand-independent manner and localizes to cytoplasmic puncta and the MVB. When co-expressed, both CA-LRP6-GFP and GSK3-RFP are co-sequestered into cytoplasmic puncta ( Figure 5C ), an indication of Wnt signalosome vesicle endocytosis (Bilic et al., 2007; Yamamoto et al., 2008) , and to the MVB (Figure 5D ), indicated by perinuclear digitonin-resistant EEA1+ structures (Taelman et al., 2010; Vinyoles et al., 2014) . To investigate whether TMEM88 inhibits Wnt signaling by regulating Wnt signalosome trafficking, GFP-TMEM88 (or control GFP-TMEM88DC) was co-expressed with CA-LRP6-GFP and the TOP-flash reporter. GFP-TMEM88 (but not the mutant) inhibits TOP-flash activity induced by CA-LRP6-GFP, supporting a model in which TMEM88 regulates the internalized Wnt signalosome ( Figure 5E ). GFP-TMEM88 also inhibits TOP-flash activity induced by CA-LRP6-GFP in DVL TKO 293T cells, which is consistent with inhibition of Wnt signaling by GFP-TMEM88 being independent of DVL ( Figure 5F ). As expected, the mutant construct with the C-terminal VWV motif deleted, GFP-TMEM88DC, also fails to inhibit Wnt signaling activated by CA-LRP6-GFP in the DVL TKO cells ( Figure 5F ).
This model system was then used to investigate the impact of TMEM88 on localization of the Wnt signalosome. Expression of GFP-TMEM88 shifts CA-LRP6-mPlum localization from endocytic Wnt signalosome vesicles (puncta) to the MVB (Figures 6A and 6C) . The cellular localization of CA-LRP6-mPlum depended on the location of GFP-TMEM88 in both 293T and DVL TKO 293T cells ( Figures 6B and 6D) . Thus, in cells with GFP-TMEM88 found primarily in the Golgi, based on co-localization with Giantin, CA-LRP6-GFP is found mostly in cytoplasmic puncta ( Figures S4A and S4C) . In contrast, cells with GFP-TMEM88 localized in the EEA1+ digitonin-resistant bodies show primarily co-localization of CA-LRP6-mPlum in the MVB (Figures S4B and S4C) . These data indicate that TMEM88 promotes re-localization of internalized Wnt signalosome to the MVB to inhibit Wnt signaling.
If this model were correct, TMEM88 might be expected to inhibit Wnt signaling by promoting co-localization of b-catenin to the MVB. Indeed, compared with control cells expressing GFP, cells expressing GFP-TMEM88 show a shifted co-localization of b-catenin predominantly to the MVB, indicated by digitoninresistant structures stained with VPS4, another marker for MVB, as well as reduced nuclear b-catenin level in GFP-TMEM88-expressing cells compared with a control cell (GFP-expressing cells) ( Figures 7A-7C) . Reduced nuclear b-catenin level in cells expressing GFP-TMEM88 was also observed upon CHIR99021 treatment ( Figure S5) . Consistent with this model, TMEM88 and b-catenin show co-localization in cardiomyocyte progenitor cells within digitonin-resistant VPS4-positive structures ( Figure 7D) . A shift in b-catenin to the MVB associated with reduced nuclear b-catenin levels was also measured in DVL TKO cells expressing GFP-TMEM88 compared with control cells (expressing GFP), further supporting the hypothesis that TMEM88 function does not require DVL (Figures 8A-8C) . These data indicate that TMEM88 enhances re-localization of b-catenin to MVB to inhibit Wnt signaling.
DISCUSSION
TMEM88 was first identified in silico as a PDZ-domain-binding protein (Lee et al., 2010) , based on the presence of a VWV motif that was known to interact with DVL. This led naturally to the investigation of its ability to modulate Wnt signaling, which was confirmed in reporter assays (Lee et al., 2010) , of potential significance given the association of TMEM88 expression patterns described in various human neoplasias (Ma et al., 2017; Yu et al., 2015; Zhang et al., 2015) . However, whether the impact of TMEM88 on Wnt signaling is actually mediated through interaction with DVL had not been previously tested. Our results using a DVL-null (triple mutant) cell line clearly indicate that TMEM88 can repress Wnt signaling in the absence of DVL, suggesting other means of regulation. We find that the VWV motif is required to repress Wnt signaling, but for trafficking out of the ER rather than interaction with DVL. There is precedence for PDZ domain proteins functioning in this context, for example, GOPC is a PDZ domain protein required for proper trafficking of the FZD receptor to the membrane surface (Yao et al., 2001) . We cannot rule out that when DVL is expressed, TMEM88 interacts or antagonizes DVL function. In fact, we found the kinetics of signalosome localization to the MVB to be slower in the DVL TKO cells (localization measured at 48 h rather than 24 h post-transfection). We only observe that DVL is not required for TMEM88 to function in this pathway.
Instead, our data support a previously unexplored role for TMEM88, in sequestering the endocytosed Wnt signalosome, including cytoplasmic b-catenin, into the MVB, thereby limiting levels of nuclear accumulation. The impact on b-catenin during Wnt signalosome sequestration into MVB is not well understood. MVB is formed when the limiting membrane invaginates inward and buds into its own lumen to form ILVs. These ILVs get degraded when the MVB fuses with the lysosome, whereas proteins that remain on the limiting membrane of the MVB get recycled (Piper and Katzmann, 2007) . b-Catenin being stabilized in MVB seemed unlikely based on the membrane topology of MVB (Piper and Katzmann, 2007) . However, in their initial study showing that GSK3 is recruited into the MVB following Wnt activation, De Robertis and colleagues discovered that b-catenin is actually required for GSK sequestration, and mostly the phosphorylated, and therefore inactive, form is present in MVB. b-Catenin mutated at the GSK3 target sites (and therefore non-phosphorylated) accumulated in cytoplasmic particles that also sequester GSK3, although the identity of these cytoplasmic particles was not defined (Taelman et al., 2010) . This counterintuitive role of b-catenin in MVB led to a model with b-catenin taking on a previously unknown function in sequestering GSK3 in the MVB, which may be independent of its transcriptional role in Wnt signaling (Taelman et al., 2010) . A more recent study confirmed that only Ser27-phosphorylated b-catenin is detected in the MVB. In this case it is a stable form in this compartment due to the absence of b-TrCP1, the ubiquitin ligase responsible for modifying and eventually degrading phosphorylated b-catenin (Vinyoles et al., 2014) . Our data show that the presence of TMEM88 in the MVB is associated with both accumulation of b-catenin in the MVB and the repression of Wnt signaling. Our study confirmed that TMEM88 is important for inhibiting Wnt signaling during cardiac progenitor specification, and that this is associated with recruiting the Wnt signalosome to the MVB. Simply trafficking GFP-TMEM88 to the plasma membrane was not sufficient to inhibit Wnt signaling, and in fact, addition of a plasma membrane-tagging motif blocks the ability to inhibit Wnt signaling. This suggests that TMEM88 needs to be internalized and thereby promote internalization and trafficking of the Wnt signalosome from plasma membrane to the MVB. This mechanism appears distinct from Notch-mediated repression of Wnt signaling. In that case, membrane-bound Notch1 represses b-catenin signaling via Numb-mediated endosomal sorting, which leads to lysosomal degradation. However, cleavage of neither the Notch receptor nor the destruction complex is required for repression, which is fully dependent on Numb (Kwon et al., 2011) . Previous studies have shown that inhibiting the lysosome increases Wnt signaling by enhancing the formation of endosomal ILVs, which sequester the Wnt signalosome (Dobrowolski et al., 2012) , and that Wnt signaling is antagonized by exosomal release of b-catenin (Chairoungdua et al., 2010) . Therefore, in principle the fate of the Wnt signalosome sequestered in the MVB by TMEM88 could be degradation by the lysosomal pathway or exosomal release. Our study indicates that sequestration in the MVB of a signalosome that retains b-catenin is yet another mechanism to control canonical Wnt signaling.
Limitations of the Study
TMEM88 is clearly important for regulating cardiogenesis, and our study further supports its function in the Wnt signaling pathway for specification of human cardiac progenitors. However, the bulk of our mechanistic studies implicating TMEM88 in promoting sequestration of b-catenin in the MVB were carried out for technical reasons in non-cardiac cell lines. Therefore, it is possible that TMEM88 has additional cardiac cell-specific functions that we have not revealed. The surprising finding that TMEM88 does not need to function through DVL must also be considered in context, because Wnt signaling normally functions optimally with DVL activity. Therefore, we cannot rule out whether TMEM88 normally can interact with or, in some manner, regulate DVL activity. We have used the small molecule CHIR99021 to inhibit GSK-3b and thereby activate the Wnt pathway, but with concentrations that might interfere with other kinases. Finally, we do not know why expression of TMEM88 recruits the signalosome into the MVB. This presumably results from higher-order protein complexes that assemble at the membrane or in the endocytosed vesicles and will be the focus of subsequent proteomic studies.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. Supplemental Movie S1 (Refers to Fig. 3) . The movie shows TIRF live imaging of 293T cells stably transfected with an expression vector for GFP-TMEM88. The GFP+ puncta demonstrate membrane localized GFP-TMEM88. The pattern is very dynamic, suggesting that GFP-TMEM88 is moving onto and then off of the plasma membrane (endocytosis).
SUPPLEMENTAL INFORMATION
Transparent Methods
Plasmids, Antibodies, and Other Reagents
Antibodies used included rabbit anti-TMEM88 (abcam151166), mouse anti-beta-actin 
Immunofluorescence and microscopy
For immunostaining, all cells were fixed for 10 min with 4% paraformaldehyde in PBS, permeabilized for 10 min using 0.05% saponin or 0.2% TritonX100, blocked for 1 hr with 1% goat serum, incubated with primary antibody for 1 hr at RT, washed and subsequently incubated with fluorescent secondary antibodies for 1 hr at RT. Cells were washed again and incubated for 10 min with DAPI for nucleus identification. Cells were mounted in ProLong Gold (Invitrogen) and visualized using a Zeiss fluorescence microscope. For nuclear b-catenin quantification, ZEN image analysis software was used to calculate mean fluorescence intensity of selected areas.
Quantitative RT PCR
For quantitative RT-PCR, total RNA was extracted using RNeasy miniprep Kit (Qiagen) and first strand cDNA was synthesized using SuperScript VILO cDNA synthesis kit (ThermosFisher). Quantitative RT-PCR was performed using light cycler 480 SYBRgreen (Roche). The expression level for each gene is normalized to the expression level of HPRT. 
Immunoelectron Microscopy
Day 7 H1 ESC-derived cardiomyocyte progenitor cells were washed with serum-free media and fixed with 2.5% glutaraldehyde, 4% paraformaldehyde, 0.02% picric acid in 0.1M buffer as above followed by secondary fixation with 1% OsO 4-1.5%K-ferricyanide.
En bloc staining and dehydration with 1.5% Uranyl Acetate in water 60 min, in the dark, then 50, 70, 85, 95, 100,100,100% EtOH treatments for 5-15 minutes each step, followed by infiltration with resins. Antigenic sites were opened by using saturated Na-periodate, unreacted aldehydes were quenched with 50 mM glycine in PBS, and blocked for host of secondary antibody. Primary antibody incubation in PBS-c (PBS 0.2% BSA-c (Aurion, EMS) overnight at 4C. A control lacking primary antibody was also included. After washing in PBS-c, secondary antibody incubation was carried out in Aurion gold conjugate 1:100 in blocking buffer and fixed at 2.5% glutaraldehye in 0.1M buffer and contrast with uranyl acetate followed by water wash and air dry. All steps were carried out on clean parafilm in a humid chamber.
Reporter assays
For cell-based luciferase assays, HEK 293T, HCT116, DVL TKO HEK 293T were plated, co-transfected with TOPflash and Renilla expression plasmids (Promega), GFP-TMEM88 expression plasmids or control plasmids, and after 24 hr lysed using the Dual-Glo Assay (Promega). Luciferase assays were conducted according to the manufacturer's protocol (Promega) . Titration experiments demonstrated that 3 µM CHIR99021 was necessary and sufficient to generate robust and reproducible luciferase signals (Sup. Fig. S3 ) and
this concentration was used in all experiments. Luciferase signal was normalized to Renilla expression. All data were normalized to the signal obtained from a negative control. Assays were performed in duplicates and repeated at least three times.
Flow cytometry
Cells were harvested using Accutase (Sigma) and resuspended in FACS buffer (10% FBS, DMEM). After fixing in 2% paraformaldehyde at RT for 30 minutes, cells were incubated with cTnT antibody for 1 hr at RT, followed by incubation with appropriate secondary antibody for 1 hr at RT.
Gene editing with the CRISPR/Cas9 system H1 derived TMEM88 KO ESC lines were generated using the iCRISPR method previously described (Gonzalez et al.2014) . A target sequence (GCTGTCACCATGCTGGGCTT) was inserted into a single stranded T7-gRNA in vitro transcription template. The ssDNA was PCR amplified, in vitro transcribed using the MEGAshortscript T7 kit (Life Technologies), and the sgRNAs were purified by using the MEGAclear kit (Life Technologies) and stored at -80C until use. iCas9 hESCs were treated with 2 µg/ml doxycycline for one day before and during transfection to induce expression of Cas9 protein. For transfection, cells were replated on Matrigel coated plates and transfected in suspension with sgRNAs using lipofectamine RNAiMAX (Life Technologies). After transfection, cells were single cell plated onto a 96 well plate and clones were screened by genotyping, and then confirmed by genomic DNA sequencing and western blotting.
Similar lines were also established using HUES8 parental lines.
Human ESC directed differentiation
The cardiac differentiation protocol was adapted from a previously described protocol (Kattman et al., 2011) . In brief, from day 1 to day 5 medium contains RPMI1640 (Thermo scientific), 0.5X B27(ThermoFisher), (1mM) Ascorbic acid (Sigma), (2mM) L-Glutamine (VWR), Transferrin (Roche), and (4x10 -4 M) MTG (Sigma). From day 5 to 14, the 0.5X B27/RPMI1640 medium contained Ascorbic acid, L-Glutamine, and MTG. 20 ng/ml BMP,
